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ABSTRACT : The possible occurence of highly deformed configurations is investigated 
in the ^°Ca and ^^Ni di-nuclear systems as formed in the "^^Si -h^^C and "^^Si -h "^^Si reactions, 
respectively, by using the properties of emitted light charged particles. Inclusive as well as 
exclusive data of the heavy fragments (A > 6) and their associated light charged particles (p, 
d, t, and a-particles) have been collected at the IReS Strasbourg VIVITRON Tandem facility 
with two bombarding energies EiabC'^Si) = 112 and 180 MeV by using the ICARE charged 
particle multidetector array, which consists of nearly 40 telescopes. The measured energy 
spectra, velocity distributions, in-plane and out-of-plane angular correlations are analysed by 
Monte Carlo CASCADE statistical-model calculations using a consistent set of parameters 
with spin- dependent level densities. Although significant deformation effects at high spin are 
needed, the remaining disagreement observed in the "^^Si + ^"^C reaction for the S evaporation 
residue suggests an unexpected large unstable ^Be cluster emission of a binary nature. 

I. INTRODUCTION 



The formation and decay processes of light di-nuclear systems (in the A^at < 60 
mass region), produced by low-energy {Eiiab < 7 MeV/nucleon) heavy- ion reactions, has 
been studied for a long time both from the experimental and the theoretical points of view 
[1]. In most of the reactions studied, whereas the general conclusions about the formation 
probability for the compound nucleus (CN) and the characteristic features of its decay could 
clearly been drawn, the properties of the observed fully energy damped yields are still debated 
in terms of either a fusion-fission (FF) mechanism [1,2,3], which may be considered as the 
emission of complex (or intermediate mass) fragments, or a deep-inelastic (DI) orbiting [4] 
mechanism behavior, the latter being found to be particularly competitive in the ^'^Si-I-^^C 
reaction [5]. Since many of the conjectured features for orbiting yields are similar to that 
expected for the FF mechanism, it is difficult to fully discount FF as a possible explanation 
for the large energy damped ^^Si+^^C yields [4,5] and, thus, FF, DI orbiting, and even 



1 



molecular-resonance behavior may coexist in the large-angle yields of the ^^Si-|-^^C reaction 
[!]• 

Superdeformed (SD) rotational bands have been found in various mass regions (A = 
60, 80, 130, 150 and 190) and, very recently, one SD band has also been discovered in the N 
= Z nucleus ^^Ar [6] . This new result makes that the A Ri 40 mass region is of special interest 
for the nuclear 7-ray spcctroscopists. With this respect the study of the N = Z nucleus ^°Ca 
is relevant. Since the detection of light charged particles (LCP) is relatively simple, the 
analysis of their spectral shapes is another good tool in exploring nuclear deformation and 
other properties of hot rotating nuclei at high angular momenta. Experimental evidence 
for angular momentum dependent spectral shapes has already been widely discussed in the 
literature [7-11]. Thus we decided to investigate the ^°Ca nucleus produced through the ^^Si 
-|- ^^C reaction at the following bombarding energies E;afe(^^Si) = 112 and 180 MeV. Data 
have also been collected for the ^^Si -|- ^^Si reaction (leading to the N = Z nucleus ^^Ni) in 
the same experimental conditions. 

II. EXPERIMENTAL RESULTS 

A. Experimental techniques : 

The experiments were performed at the IReS Strasbourg VIVITRON Tandem facil- 
ity using 112 MeV and 180 MeV ^^Si beams which were incident on ^^C (160 and 180 
jig/cTo? thick) and ^^Si (180 and 230 jJLg/crc? thick) targets mounted in the ICARE scat- 
tering chamber [12]. Both the heavy ions (A > 6) and their associated LCP's (p, d, t, 
and a) were detected using the ICARE charged particle multidetector array [12] which 
consists in nearly 40 telescopes in coincidence. The heavy fragments, i.e. ER, quasi-elastic 
(QE), DI, and FF fragments, were detected in 10 heavy-ion telescopes, each consisting of 
an ionisation chamber (IC) followed by a silicon surface-barrier diode of 500 jim. effective 
thickness. Both the in-planc and out-of-plane coincident LCP's were detected using cither 3 
three-elements light-ion telescopes (Si 40 /um. Si 300 /xm, CsI(Tl) 2 cm) or 24 two-elements 
hght-ion telescopes (Si 40 ^m, CsI(Tl) 2 cm) and two light-ion telescopes (IC, Si 500 jim) 
located at the most backward angles. The CsI(Tl) scintillators were coupled to photodiode 
readouts. The IC's were filled with isobutane and the pressures were kept at 30 torr and at 
60 torr for detecting heavy fragments and light fragments, respectively. The acceptance of 
each telescope was defined by thick aluminium collimators. The distances of these telescopes 
from the target ranged from 10.0 to 30.0 cm, and the sohd angles varied from 1.0 msr at the 
most forward angles to 5.0 msr at the backward angles. 

The different energy calibrations of the ICARE multidetector array have been done 
using radioactive sources in the range of 5 to 9 MeV, a precision pulser, elastic scattering 
yields from ^^Si on ^^'''SAu, ^^Si and ^^C targets, and data from the ^^0-|-^^C reaction mea- 
sured at Yjiab = 53 MeV [12]. In this last case, a- particles emitted in the ^'^C{^^0,af^Mg* 
reaction provide known energies from ^^Mg excited states and allow for the a-particle cal- 
ibration of the backward angle detectors. The proton calibration was done with scattered 
protons from Formvar targets in reverse kinematics reactions with both ^^Si and ^^O beams. 

B. Experimental data : 
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The inclusive cross sections for C, N and O fragments produced in the ^^Si+^^C reac- 
tion [13] have been found to be in good agreement with the previously measured excitation 
functions [5] . Typical inclusive energy spectra of a-particles are shown in Fig. 1 at the indi- 
cated angles for the ^^Si+^^Si reaction at E,„6(28Si) = 180 MeV. 




E,ab(MeV) 



Figure 1: Energy spectra of a-particles measured in a single mode for the 
'^^SzfEiab = 180 MeV) + ^^Sz reaction between 9iab = 3(F and 65°. The solid 
and dashed lines are statistical-model calculations discussed in the text. 



The LCP energy spectra have Maxwellian shapes with an exponential fall-off at high 
energy (their shape and high-energy slopes are essentially independent of cm. angle) which 
reflects a relatively low temperature of the decaying nucleus. This is the signature of a 
statistical de-excitation process arising from a thermalized source such as the ^^Ni CN. 
Similar LCP spectra have been measured for the lowest bombarding energy. In each case, 
The sizeable low-energy backgrounds, disappearing in coincidence with ER's (see Fig. 4), 
arise primarly from binary reaction mechanisms. We have observed the same behavior in 
the ^^Si-|-^^C reaction for both the a-particles, and the protons at the two incident energies 
Ejab = 112 and 180 MeV, in agreement with a previous study at E^a^ = 150 MeV [14], but 
in strong contrast to previous published data of proton energy spectra that reveal at least a 
second unexpected component [15]. 
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The velocity contour maps of the invariant cross sections provide an overall picture 
to characterize the emitting sources with respect to the reaction mechanism. Therefore, to 
have a better insight into the nature of these emitters, the measured energy spectra of the 
LCP's have been transformed into invariant cross-section plots in the velocity space. Fig. 2 
shows such typical plots of invariant cross-section in the (V||,V^) plane for a-particles and 
protons, respectively ; the axes Vy and V_l denote laboratory velocity components parallel 
and perpendicular to the beam, respectively. The circles are defined to visualize the maxima 
of intensity production. All spectra can be understood by assuming an evaporative process 
from a single source, i.e., the thermally equilibrated ^°Ca and ^^Ni CN's. 




Figure 2: Inclusive a-partide (a) and proton (h) invariant cross sections 
measured in the (V±,V\\) plane for the 180 MeV^^Si+^^C reaction, (c) and 
(d) are statistical-model calculations discussed in the text. 

It is clear from this figure that the invariant cross section contours fall on circles 
centered at Vcat, as expected for a complete fusion-evaporation (CF) mechanism. 

The in-plane angular correlation of a-particles in coincidence with all the ER's, pro- 
duced in the 180 MeV ^^Si+^^C reaction, is shown in Fig. 3. The angular correlation is 
strongly peaked at the opposite side of the ER detector located at 6f^^ = -10° with respect 
to the beam. This peaking on the opposite side of the beam is due to the momentum con- 
servation. The solid lines shown in the figure are the results of statistical-model predictions 
for CF and equilibrium decay using the code CACARIZO, to be discussed in the following 
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Section. It is seen that the shape of the experimental angular correlations is well reproduced 
by the theory. However, the excess of yields observed at backward angles {9iab= +50° to 
+90°) indicates the occurence of a non-evaporative process possibly of a binary nature. 




Figure 3: In-plane 180 MeV '^^ Si-h^'^ C angular correlations of coincident a- 

particles. The points correspond to the data, and the solid line to statistical- 
model calculations discussed in the text. The arrow indicates the position of 
the IC detector at 9iab= -1(T. 



The spectral shapes of the coincident a-particles, displayed in Fig. 5 for the 180 McV 
^^Si+^^C reaction are also analysed using the statistical-model code CACARIZO [7,17], as 
described in the next Section. 



III. DISCUSSION 



A Hauser-Feshbach [1] analysis of the data has been performed using CACARIZO 
[7,17], the Monte Carlo version of the statistical-model code CASCADE, in which the exper- 
imental geometry of the ICARE detectors is taken into account. The angular momentum 
distributions needed as the primary input for the calculations were taken from compiled 
^^Si+^^C [16] and ^^Si+^^Si [18] CF data, respectively. The other standard ingredients for 
statistical-model calculations, namely the nuclear level densities and the barrier transmission 
probabilities, are obtained from studies of the evaporated LCP spectra. In recent years, it 
has been observed that the standard statistical model cannot predict satisfactorily the shape 
of the evaporated a-particle energy spectra [7-11], and the calculated average energies of the 
a-particles are found to be much higher than the corresponding experimental results. Several 
attempts have been made to explain this anomaly either by changing the emission barrier or 
by using spin- dependent level densities. Adjusting the emission barriers and corresponding 
transmission probabilities affect the lower energy part of the calculated evaporation spectra. 
On the other hand the high-energy part of the spectra depends crucially on the available 
phase space obtained from the level densities at high spin. In hot rotating nuclei formed in 
heavy-ion reactions, the energy level density at higher angular momentum is spin dependent. 
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Figure 4: Exclusive energy spectra of a-particles emitted in coincidence with 
all ER's detected at , at the indicated laboratory angles, in the 180 MeV 
^^Si+^^Si reaction. The solid and dashed lines are statistical-model calculations 
discussed in the text. 



The level density, p{E, J), for a given angular momentum J and energy E is given by the 
well known Fermi gas expression : 



m J) ^ - A - t - E,)Y'^) (1) 

where a is the level density parameter, t is the "nuclear" temperature and A is the 
pairing correction, Ej = is the rotational energy, J'^jj = j7o x (1 + (5i + ^2 J'') 

is the effective moment of inertia, J^o is the rigid body moment of inertia and Si and 82 are 
deformability parameters [7,8,10,11]. By changing the deformability parameters 5i and S2 
one can simulate the spin-dependent level density [7,8]. The CACARIZO calculations have 
been performed using two sets of input parameters : the first one with standard rotating 
liquid drop model (RLDM) [1] parameters, and the second one with non-zero values for the 
deformability parameters [13,19,20,21] which are listed in Table I. 



For the 180 MeV ^^Si + ^^Si reaction, the shape of the inclusive (see Fig. 1) and 
exclusive (sec Fig. 4) a energy spectra arc well reproduced by using deformation effects 
[13,19,20,21]. The dashed lines in Figs. 1 and 4 show the predictions of CACARIZO using 
the standard RLDM deformation parameter set with no extra deformation {Si — S2 — 0). 
It is clear that the average energies of the measured a energy spectra are lower than those 
predicted by the standard statistical-model calculations. The solid lines show the predictions 
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Table 1: Input parameters of the CACARIZO calculations. 



of CACARIZO using the parameter set with 5i — 1.2 x 10~^ and 82 — 1.1 x 10~^ chosen 

to reproduce the data consistently at the two bombarding energies . The shapes of the 
inclusive as weU as the exclusive a energy spectra are well described after including these 
significative deformation effects. CACARIZO calculations of the invariant cross sections, 
plotted in Fig. 2, reproduce well the data obtained in the 180 MeV ^^Si+^^C reaction for both 
cu-particles and protons, respectively. In this case the CACARIZO parameters are similar 
to those employed in a previous study of the 130 MeV ^^0+^''Mg reaction [17], with the 
use of the angular momentum dependent level densities. The exclusive energy spectra of a- 
particle measured in coincidence with individual S and P ER's, which are shown in Fig. 5 for 
E^ab = 180 MeV, are quite interesting. The energy spectra associated with S are completely 
different from those associated with P [13]. The latter are reasonably well reproduced by the 
CACARIZO curves whereas the model could not predict the shape of the spectra obtained 
in coincidence with S at backward angle {9^ > 70°). Additional non-statistical components 
appear to be significant in this case. This is consistent with the discrepancies also observed 
at backward angles in the in-plane angular correlations of Fig. 3. The same observations can 
be made at the lower bombarding energy Eiab — 112 MeV [19-21]. We will show that the 
hypothesis of a contributions arising from the decay of unbound ^Be clusters produced in a 
binary reaction ^°Ca — > ^^S-|-^Be is consistent with the experimental results. 

In Fig. 6 the energies of the a-particles (detected in coincidence with the S residues 
at the indicated angles) are plotted against the energies of the S residues detected at 9s = 
-10°. At 9a = +40°, -|-45° and -|-50° the main bulk of events are from a statistical origin, and 
consistent with CACARIZO calculations (see Fig. 7). For larger angles, the two branches, 
labelled 1 and 2, are outside the "statistical evaporation region", but still correspond to a 
evaporation process as shown by the CACARIZO calculations displayed in Fig. 7. This two 
branches 1 and 2 corresponds to a 2-a channel with both a-particles emitted respectively at 
backward and forward angles in the center of mass. 

However, at more backward angles other contributions, labelled 3 and 4, appear more 
and more significantly. The observed "folding angles" are compatible with the two-body 
kinematics required for the ^^S-|-®Be binary exit-channel. On the other hand, the energy 
correlations for the ct-particles in coincidence with the P residues (not shown) do not exhibit 
any of the two-body branches and, thus, the "statistical evaporation region" alone, which is 
consistent with the CACARIZO predictions at all the measured angles, appears significantly. 
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Figure 5: Exclusive energy spectra of a-particles emitted in coincidence with 
individual P and S ER's detected at -1(T , at the indicated laboratory angles, in 
the 180 MeV'^^Si+^^C reaction. The solid lines are statistical-model calcula- 
tions discussed in the text. 



In the left side of Fig. 8 the excitation energy of ^Be, calculated by assuming a two-body 
process, is presented for the contributions labelled 2, 3, and 4 (Fig. 6) at different indicated 
angles. From 55° to 95° the main bulk of the yields is centered at around 3.06 ± 1.50 
MeV, the energy of the first 2+ excited level of ^Be; whereas, from 70° to 90° a second 
component is centered at the energy of the ground state of ^Be (squared part). This last 
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Figure 6: Energy-correlation plots between coincident a-particles and S ER's 
produced in the 180 MeV "^^ Si-h^"^ C reaction. The heavy fragments is detected 
at 9s = and a 's angles are given in the figure. The dashed lines correspond 
to different contours and their associated labelling are discussed in the text. 



component corresponds to the contribution 4 (Fig. 6). Fusion- fission calculations using the 
Extended Hauser-Feshbach Method [3] fail to reproduce both the excitation energies of the 
S residue, and the yields from the 3 and 4 contributions [12]. However, these contributions 
can be interpreted as due to an incomplete fusion (ICF) process governed by a a-transfer 
reaction mechanism ^^Si+^^C ^^S*+^Be as proposed by Morgenstern et et al. [23]. This 
conclusion is in agreement with previous inclusive results published in Ref. [24]. In the 
cluster-transfer picture the reaction is characterized by a " Q- value" window" centered at the 
so-called "Q-optimum", which value can be estimated semi-classically by Qopt = (Z3Z4/Z1Z2- 
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Figure 7: Experimental and calculated energy- correlation plots between co- 
incident a-particles and S ER's produced in the 180 MeV^^Si+^'^C reaction. 
The S is detected at 9s = -l(f and a's at 9a = + 4(F ,and + 7(F , respectively. 
CACARIZO calculations are discussed in the text. 



l)Ef"^-, where the indices 1,2 and 3,4 indicate the entrance (i) and exit channel, respectively. 
The corresponding excitation energy E* = Q^^ - Qopt, with Q^^ is the ground-state Q- value 
of the reaction. In this case the expected excitation energy in the ^^S nuclei is equal to 
12.9 MeV. The right hand side of Fig. 8 represents the calculated excitation energy of ^^S in 
coincidence with the ground state (g.s), and with the first excited state of *Be, respectively. 
The dashed lines correspond to E** = 12.9 MeV, the energy expected for a a-transfer 
reaction mechanism. In both cases the excitation energies of ^^S are consistent with these 
values. 

To summarize, the properties of the emitted LCP's in the ^'^Si + ^^C,^^Si reactions, 
which are reasonably well described by statistical-model calculations using spin- dependent 
level densities, suggest significant deformation effects at high spin for the '^''Ca and ^^Ni 
dinuclear systems. In the case of ^^Si + ^^C the a-particle energy spectra measured in 
coincidence with a S residue exhibits an additional component arising from the cluster decay 
of the unbound '^Be nucleus, produced through the a-cluster-transfer of ^°Ca —>■ ^^S+^Be. 
This type of reaction allows to populate some N=Z nuclei with a well defined excitation 
energy. Thus, sophisticated particle-7 experiments (see Refs. [25-28] for instance) using 
EUROBALL IV and/or GAMMASPHERE should be performed in the very near future in 
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Figure 8: Calculated excitation energy spectra for ^Be (left) and ^'^S (right) 
in coincidence with the g.s. (up) and first excited level (down) of^Be. The 
solid line corresponds to the energy of the first excited state of^Be (3.06 MeV). 
the dashed lines correspond to ^^S excitation energy expected for an a-transfer 
process. 



order to well define and understand what are the best types of reaction which are capable 
to populate significantly the superdeformed bands discovered and/or predicted in this mass 
region. 
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